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I. INTRODUCTION

In the past few years, improvements in the growth of epitaxial and
bulk crystal forms of III-V compound semiconductor materials have led to
many new devices. These devices include Gunn oscillators, light emitting
diodes, infrared detectors, 1a$ers, and special purpose transistors. The
performance and lifetime of such devices depends sensitively on defects in the
material. For example, the intensity of light emitting diodes is known to be
strongly affected by dislocations that can be ini£iated by peint defects.

Most impurities in ITI-V compounds can be detected in very low con-
centrations by chemical means. Vacancies, however, are difficult to detect.
For this reason unexplained phenomeng observed in these materials are often
blamed on vacancies. It has been claimed that vacancies act as traps, recom-
bination centers, and scattering centers. ©Since no method has existed to
directly detect the vacancies, it has been difficult to confirm such asserticns.
Once low concentrations of vacancies can be detected, then their supposed
effects can be confirmed; and, what is more important, crystal growth methods
can be improved to eliminate them.

The purpeose of this work has bee; to develop experimental methods
and related theory which will permit the measurement of low concentrations of
vacancies and other defects in ITI-V compound semiconductors. OCnce the nature
of these defects has been determined, this information can be incorporated into

a transport theory for devices constructed from these materials, and experiments



conducted to test the theory.

" The vacancies and other defects in the ITI-V compounds are detected
by measurement of the nuclear magnetic resonance (NMR) line width. Most of
the ITI-V compounds have at least one isotope with a nuclear quadrupole moment.
In a erystal with a cubic crystal field (characteristic of most III-V compounds )
there is no quadrupole splitting of the Zeeman resonance line. However, a defect
removes the cubic symmetry locally and causes splittings which result in a change
of the NMR line width. This change can be used to detect the presence of vacancies
in concentrations as low as lOlh/cm3.

This report describes the progress to date on the project, as supported
by this research grant. Further reports will be made in the form of publications
that are now being prepared for submission to scientifie journals. Coples of
these will be forwarded to NASA as they are completed. One of these reports has

been submitted to the Review of Scientific Instruments for publication, and is

included as Appendix A to this report.



7I. THEORETICAL ANWALYSIS OF NUCLEAR RESONANCE LINE SHAPES

The cbjective of this section'is to compute the nuclear magnetic resonance
(NMR) line broadening for the spins in a ITI-V compound semiconductor, in the
large magnetic field limit, The spins interact normally vis dipole-dipole
and exchange interacticns. In addition, charged point defects, such as vacan-
cies or icnized donors and acceptors, break tﬁe'cubic crysta} symmetry and
create a distribution of electric field gradients - and so gquadrupcle shifts -
in their neighborhood. The electric field due to these charged defects shifts
the ions around them from their equilibrium lattice sites into regions with
finite electric field gradients, Buch off—lattiée site field gradients are
large compared to those arising directly from the point charges. Since the
electric field decreases only as the square of the distance r from each de-
fect, each defect influences many ions,

For low concentrations of defects where most ions experience small fields,

the quadrupole. shifts broaden the Zeeman 1ines., If the fields decrease as r-2

the line shapes are Gaussian; if the fields arise from something like a dipolar

charge distribution and fall off as fast as r3

the line shapes are Lorentzian.
However, when the concentrations are higher, the shifts become large enough
so that only the transitions between the levels identified by z-components

of spin +1/2 and ~1/2 remain in the original Zeeman line, and the intensity is



reduced. The width of this remaining line decreases because with these large

guadrupole splittings some parts of the dipole-dipole and exchange interactions
become non-secular. An experimental study of these effects will provide infor-
mation about defect concentrations, and possibly the charge distributions about

defects.

Spin Hamiltonian

The Hamiltonian for the system is:

. :
ﬂ = %z %?’CJ -+ }fex -+ }(Q . (1)
The Zeeman Hamiltonian is:

. g — A )
Ww=-SrloH H=H#% (2)
Z /RS )
£ —
wvhere nucleus 4 has gyromagnetic ratio ¢; and spin I 2
For like spins, and when Kq =0, the secular part of the dipole-

dipole plus pseudo dipole-dipole Hamiltonian is:

—
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Where the pseudo dipolar coupling constant Bif' arises from indirect interactions

between the £ and l'nuclei coupled by p and d electrons; For unlike spins, a part

of i;.'z':, does not contribute to the secular Hamiltonian. The changes when
Ll # O will be discussed in detail later.

The exchange Hamiltonian is: ‘
! — iy
K =2A LT, (u)
&x Iy Lp R +p

where A , is the exchange coupling constant that arises from interactions

¥4

. 2 . ,
among the nuclel and s electrons. A.EE' is independent of the direction of the

magnetic field, and thus produces isotropic changes in the line shape.



The secular part of the quadrupole Hamiltonian is:

ff 2411(211 ff [3(11: Iz”z*l)] (5)

Where Q.E. is the quad.’rupole moment of nucleus { , and the field gradient tensor
—
CJBz is produced by the electric field Ein

~ LAt ot
e%ij - ;R:J'k Ek (€)

The indices i,),k = x,y,2z run over the principal cubic axes of the crystal.

at site 2,

The piezoelectric stra.ln terms and the direct fleld gradient terms have been
dropped from £ C&'J because they are small compared to the field generated

terms, The III-V compounds all have a T, symmetry for which

d
- L L
0 EZ3 E:1
¢ L 2 4
eq=-R |t O E
~ L £
E, E O
(7)
e I £
where R is the value of the only non-vanishing elements of the R™ tensor
at site £ . R‘g = R’{Z = R£ = Rz . In the III-V compounds, Rz takes on
. Xz - yezx ZXY

only two values, one for III-gtom sites, and the other for V-atom sites.
Finally, from Eq. (6) we find:

A 3 )
ﬁ.e%i.n = -2R ( n, 3E§ + mxnéE:I ¥ N “3Ex) )

Since most of the nuclei affected by an impurity lie outside the first
few near neighbor shells, a reasonably accurate approximation for the electric
field at displacement -J: from an impurity is: |
¥

2. ¢

€

5
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(9)



where e* is the effective charge of the impurity and € is the low frequency
dielectric constant. Justification for such a simple form for the electric
field in an insulator is given by Kubo.-3 If, as we hope, experiments can be
devised that provide detailed information about the charge distribution near
an impurity, then a more accurate dielectric response formulation will be
needed. However, useful insights can be gained from an analysis of this
simple model.

Since the. initial experiments have been conducted on GaAs, the remainder
of this discussion will be specialized to the spin 3/2 case (the spin of

' L
Ga69, GaTl, and ASTE). The experimentally determined values of

R% = 0.98 x 10™° en* and % = 1.55 x 101% em™ will ve used. The natursl
abundances, gyromagnetic ratios, and quadrupole moments for the nuclei in Geds

are given in Table I.

Natural Gyromagnetic Quadrupole
Nucleus Abundance Ratio Momeﬂt
(per cent) (kHz per gauss) (em™)
Ga69 60.2 1.0219 178 x 10"Eh
galt 39.8 1.2984 112 x 1072
AsT? 100 0.7292 .3 x 1072
Table I(

Calculation of the Number of Spins Influenced by a Defect

Iet us concentrate on one of the isctopes with Larmor frequency denoted

by v =yE. The magnitude of the shift of the Larmor frequency Av of the



m = Iz transitions from the states 3/2 to 1/2 and -3/2 to -1/2 of an lon

-
at displacement r relative to an impurity is

eQe"gy3380mY) -

#

V=—rinn - 0w (10)

Where

EQE*R(H

- ~ A n ;2‘)
ol = eh ,njj-!-ﬂxnslj-i-nj 3

(11)

In order to compare our experiments with Rhoderick'55 experiments on the
variation of NMR intensity with ionized impurity concentrations, or to compute
the change of the line shape, the number of ions near an impurity whose quad-
rupole freguency shift ]Av[ is greater than some prescribed minimum Avmin
must be found., To sccomplish this we shall first calculate the volume near
a given impurity where [Av|>Aumin. In order to take account of finite size
effects and avoid infinities that arise from the fact that r_2 falls off
slowly, we shall actually compute the volume  of the sample for which
|Av[>Avmin, and also r<rg, where rp will be a characteristic dimension of the
sample, There will be two cases to treat. In the first instance Av is
small enough so the volume Q is limited by ro, and in the second case Av is
sufficiently large so the volume § lies completely within the sample.

This model for the finite size ig a bit too simple, since it is correct
only for an impurity located at the center of a spherical sample, A more
accurate model would round off some of the abrupt changes this simple model

introduces. We will find, however, that no observable physical phenomena

are sensitive to this choice, so it is useless to deal with the complexities



of a more realistic model. The only purpose served by the finite size is
to provide a cutoff to eliminate an unphysical infinity.

Anocther restriction must be placed on the lower limit of r, a<r, to
account for the fact that the host atoms are separated from the impurity by
at least a distance a. For example, if the resonant nucleus is a type ITI
nucleus, and the vacancy or impurity is at a type V site, then a is the near
neighbor distance a If the defect sits on a type III site, then a is larger
(a = (8/3)1/2 mg). If the defect is in en interstitial site, then a will
be less than ac.

From Eq. (10), the condition that Av be constant is satisfied for

2 = - eso
(12)

~ ~

where O is the angle between rland 0. The broadening of the maghetic rescnance
lines and the decrease in intensity depends only on the magnitude of Av;
positive and negative values contribute equally. Thus the shape of the volume
and a<r<rq is a figure of revolution about the direction 3,

with [Av[>dv

of the shaded aresa shown in Figure 1.




For this case, the volume & is given by the integral
05~ (r2av/oL) Ty e cese/m
O (ay) = ‘f'ﬂ'j sinB 46 Jrzdr + '-}'WJ Sin6dB Jrzdr -
0

0 cos™ (R avAX)

“H(a?av/t) TV, e /ey
- '-!ﬂ'[sinedg Jrzdr - LHTJ <in 038 Sr‘ld"
o o cos™ (G2 aV/ot) (13)

Ti(1-22) - Had(1- 242

Next suppose that Av is large enough so that the volume lies within
the sample. Then the volume over which the integral must be teken is a

figure of revolution of the so0lid curve, for r>a, in Figure 1, Then the

integral is: e J Cos8 /v )
® O (ay) = M_(smedejrzdr Lmas( 3 a,f_w)

_ g_é_r(%ilz_ LT 3(1 aou). (14)

69

If p is the density of nuclel of interest, e.g. Ga ', then the number

NS(A\H with frequency shift greater than Av is

Ng (av) = P‘Q (ay)

3
m’ o 3 4y
NI(1-38) - R (-5 avesk
_ mJ 3’2 a7, 3 Ay
= N[_ - 1;3(1_'5_9' ] AY, < AV <AV, (25)
0 AV >,
}
where ~ ¥
— ol _eQe’R 2 2 2
&V, =%t = gpna 0y« (unyietngngt
AV =g, (16)

and N is the num'ber of relevant ions (Ga 9) in the sample,
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Calewlation of the Line Shape Due to the Defect-Induced Quadrupole Interaction

The distribution g{Av) of frequency shifts between Av and Av + a{Av)

caused by a single impurity is related to NS(AU) by the expression
glv) = - dN, (av)
dav

4~ (8% /AVV.DS’Z) av < 8y, (17)
= 3N D (v /av) - (v, /a9, T2 | BY, <AV < BV,
5 &Y, )
0, Y>85V, . /o
Thus g(Av) is constant until AV reaches Avy, then decreases as (A\J)_5
until Av reaches its maximum value (rog/ae)ﬂvo = (a/ag), where g{Av) goes
to zero.

Rext we must find the line shape and width to associate with a number

of impurities distributed at random throughout the sample. TFor a broadening
6

mechanism caused by dilute impurities, it is well known~ that if the interaction
between the impurity and the major constituent nuclei falls off faster than

r_2 then the line shape is Lorentzian. However, if the interaction falls

off as r_2 or slower, then the conditions for the "Central Limits Theorem"

are satisfied and the line shape is Gaﬁssian. Since the model we are investi-
gating has the fields decreasing as r—2, we shall use the results of the
Centrel Limits Theoren.

=5
The second moment of the Gaussian AV~ , according to the Central Limits

Theorem, equals the second moment Avf of the one impurity distribution times

the number of impurities NI. AVen 2
J' qlev)(av) day

&
J; g (ov)day

@03 (av, 32 1= (av, 789,32 ]
1 - (av,78v,,)2 (18)

"—"i _ i — 4
&V = Ny &Y N4

:NI

~ BT e?' IE*ZFQI 2 i 2
= T Sha Lot bung's (agn ]
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where pI is the density of defects.T As we stated earlier, sz does not
depend on the size of the sample, rg.

Finally, the relstion between the distribution of guadrupole freguency
shifts GQ(AU) (basically an inhomogenecus broadening), and the NMR line shape

G(v) must be established. The quadrupole frequency shift distribution is a

Gaussian function with variance Ave:

z
G, (o) = vl)"z e M/ZE.Z (19)
For the spin 3/2 case, the magnetic resonance line shape is found through
the expression
GO = Jdm:@ (ml)[ 3G, 3 (- av 89)+ 4G, s o, Av)+ 3@ (vmv A\)J
(20)

where G (v -Av, Av) is the line shape function of the 3/2+1/2 transi-

2\ %
tion caused by other broedening mechanisms (as modified by the quadrupole
shifts). The first argument in the functional dependence of G'&,&i is the
center frequency, and the second is intended to represent the effeet the shift
mey csuse on the line shape, The shape due to other-interactions can be modi-
fied by the shifts, e.g. terms in the dipolar Hamiltonian that are secular in
the abscence of shifts will become non-seculsar when the shifts are large

encugh, thus modifying the width of the dipolar broadened line, end

G_%Ju
G:hir%.are the corresponding shape functions for those transitions. The
factors 0.3, 0.k, 0.3 multiplying the shape functions are weighting factors
which arise from the transition matrix elements for the three transitionms,

We shall have to treat the more complex case later, but for now examine

the simple situation corresponding to low defect concentrations,
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G 3 (vV-w,8V) == G, , (»-8v,0)
Qﬁi%(v pY) = _l("o)

t -3 -
-E)--i ) Z (21)
G, ,00=C,, vo)y=C, (V0 =C W),
17 )z ' BRI
Then Eq. {20), in view of the approximation in Eg. (21), becomes
¢0
GO)=04G0H) +0.4 davGo(V-mv)GQ av) . (22)
A .
If Go(v) is a Gaussian with variance o, then
2 2
0.0 - Y p i VL
GO) 7% & 2(61+47) + o4 6“/205 (23)
@17(0 +00?) [’ﬁ' y
where V is centered at the Larmor frequency. Thus the variance Uc of the
composite line is
2 —\%
qg. = (G; + 0.b sz) ) (24)

The contribution from the gquadrupole interaction can alsc be found
from & standard Van Vleck calculation that yields sn answer involving a lattice
sum.2 If one uses the electric field-induced gradients, as given in Eq. (16),
the angular dependence of Oi is reproduced exactly. If, in addition, the radial
lattice sum is replaced with an integral, the same numerical result, Eq. (24}, is

obtained.



ITI. EXPERIMENTAL EQUIPMENT

l. Pulsed NMR

The descriptions of equipment in this section may be clarifiea by
reference to Figure 2, a block diagram of the pulsed NMR system. Much
of this system was purchased with funds provided by a National Science
Foundation Departmental Development Grant. However, graduate student support
and faculty summer salaries provided by this grant were indispensable to the
construction of the system. -

a. Pualse programmer

A programmable pulse generator was designed and built in this

laboratory to control the sequences of pulses of radio frequency {(rf) magnetic
field that are applied to the sample. A number of pulses and delays can be
called for serially in time. Each pulse can have one of four different rf phases
in the gating and phasing circuits. The rf can be supplied either as normal
high intensity pulses, or as low and variable intensity pulses for "rotating frame"
experiments. DBoth the pulse duration and the delay time can be controlled either
digitaily or by analog circuits.

Although the pulse programmer is limited to 16 separate instructions,
two capabilities extend its effective memory. Many pulse sequences are repeti-
tions of a basic short sequence. The programmer has two separate counters that

pernit "looping" of a particular sequence a number of times. In addition, the

13
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pulse programmer memory can be loaded by the minicomputer that controls the signal
averaging process. Thus the programer memory is effectively extended to the
memory available in the minicomputer, if there is enough time (approximately
50 microseconds) in a given seguence to reload between pulses.

A more complete description of the programmer is being prepared for
publication (see Appendix B).

b. RF Phasing and Gating

This portion of the pulsed NMR system provides pulses of rf in

the sequence specified by the pulse programmer. The rf source is a General Radio
frequency synthesizer with excellent freguency, amplitude, and phase stability.
The pulses may have any one of four phases with respect to the master oscillator:

Q Q
, 2707,

0%, 90°, 180
Actual pulse gating and amplification are done at a fixed frequency,
and the result is mixed with a variable frequency to provide the NMR stimulating
pulse. This procedure eliminates much of the tuning usually required to change
NMR frequencies.
¢. Power Amplifier and Sample Probe
A combination of commercial power amplifiers and circuits made in
this laboratory is used to apply the rf pulses to the sample. The main power
amplifier is a NMR Specialties P-103R, capable of applying up to five kilowatt
rf pulses.
The "single coil" probes that are used combine suggestions by W’augh8
and Loweg. The rf magnetic fields produced are about 75 gauss, which makes the time

69

for a '"m/2 pulse" for Ga ~ about 3.3 microseconds. Recovery time of the system

after a pulse (until the NMR signal may be seen) is on the order of 3 to 5 micro-
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seconds at 20 megahertz. For Ga69 in GaAs, the NMR signal decay time (T2) is
sbout 150 microseconds. Thus our pulse amplitude and recovery time have been
more than adequate for these experiments.

d. NMR Signal Detection and Averaging

The transient response éf the nuclear magnetization after the
stimulating rf pulse is amplified and detected by a combination of commercial
apparatus, and circuits like those described by Waugh8 and Lowe.9 The signal
may then be viewed on an oscilloscope screen or undergo analog-to-digital
conversion. It is this latter process that provides the large signal-to-noise
ratio required for our experiment.

We have constructed a digital processor and computer interface to
provide the following signal averaging process: (1) analog-to-digital conversion,
{2) temporary storage of data in a high speed buffer memory, (3) transfer of
data to the memory of a small computer, (L) averaging and simple manipulation
of data by the computer, and (5} transfer of data to IEM-compatible magnetic
tape for use on a large scale computer.

The analog-to-digital converter samples the NMR signal at a maximum
rate of once every 200 nanoseconds, and converts the amplitude to an eight-bit
binary result. This result must be temporarily stored, since the data rate is
too high for present-day computers. Timing and data transfer are accomplished
with digital circuitry designed and constructed entirely in this laboratory.
This circuitry will be deseribed in detail in a paper now in preparation (see

Appendix B).
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The small computer is a Digital Equipment Corporation PDP-8/E. It
has internal interfacing to allow display of memory contents on an oseilloscope,
and Lo record data on a cartridge-style magnetic tape recorder.‘ Simple addition
of incoming data to the previous data stored in the computer improves the signal-
to-noise ratio, since the signal amplitude adds up more rapidly than the noise.

Memory locations currently available in ocur computer allow us to sample
up to 1024 points per transient signal. This provides a very detailed picture
of the NMR signal. This signal can be Fourier transformed to show the usual
frequency domain line shape, br manipulated directly to find certain average
values, such as the second moment.

Another feature available in our interface allows analog-to-digital
conversion to be done at selected times during the decay. This aids in analyzing
the coﬁplicated structure of the signal resulting from a pulse sequence,

Finally, we have constructed a simple interface that permits us to
use an IBM-compatible magnetic tape deck for recording the data from our computer.
We are then able to transfer the data to the William and Mary IBM 360/Model 50
computer, and to tske advantage of the library facilities and peripheral
equipment of a full scale computer center. This allows, for example, display
of the data by a CalComp plotter-see Figures 3 and 4. A more complete description
of the interface has been given in a paper submitted to the Review of Secientific
Instruments (Appendix A).

2. CW NMR

We have available an NMR spectrometer built by D. R. Torgeson,lD and a

Varian V-4230B crossed-coil rf probe. This combination has an excellent signal-to-

noise ratio, and éamples and frequencies are easily changed. We also have s
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Northern Scientific model NS-561 Signal Averager. This unit has also been
interfaced to the small computer, and thus may have its data transferred to
the IEM system. |
3. Magnet

Fields of up to 19.l4 kilogauss are provided by a Varian mocdel V-3900
electromagnet and power supply. The field is stabilized with a Varian Mark I
Fieldial Hall effect device. This system was chosen for it; combination of
strength, homogeneity, and stability of field, all of which are essential to

the experiments proposed here.



IV. ANALYSTIS OF DATA

69

In this section, the results of Ga NMR studies on two different
samples of GadAs will be discussed.‘ This represents the data that had been
analyzed by the completion date of this grant; however, far more data have
been taken and analyzed during this past summer. Those data will be briefly
described at the conclusion of this section.

Figures 3 and 4 are computer plots of typical transient NMR signals
from the two samples. This signal, usually called the free induction decay
(FID), is actually composed of 102k separate data points that have been
gecumulated by the signal averaging system discussed in Section IIT. The
plotter has interpolated between points, making the signal appear continuous.

A pure, undamaged sample of GalAs gives the Ga69

FID shown in Figure 3.

The signal averaging process is actually initiated before the rf pulse, éiving

rise to the horizontal baseline to the left of t=0. A% %=0, the rf pulse is
applied, and the FID begins after the pulse. There is a short dead time (about

10 usec.), and some noise generated by the pilezcelectrie response of the crystal

at the very beginning of the FID. The remainder of the signal is nearly Gaussian in
shape, but with a pronounced oscillation - seen most clearly in the negative-going
curve around t=L4L80 usec.

69 in a GaAs sample that was heated to 800°C

Figure 4 is the FID of Ga
to create vacancies, then quenched rapidly to room temperature to trap them.

. 1
According to Pearson, Potts, and Macres, 1 the number of vacancies present should

19
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6

ﬁe about 5 x lOl cm—3. This curve appears more exponential in character than
Figure 3, and the oscillation is smaller.
aimilar curves were obtained for these samples as a function of the
orientation of the sample in the magnetic field. The data were transferred to
magnetic tape, then processed in the William and Mary IBM 360 computer.
Least-squares best fits were obtained for these data, assuming a
modified form of the function given in Eg. (23). The form used was
L ' 2
Ch)=C(be T 4 4t ET) S (2
The essential difference is that the experimental results are expressed in the
time domain, while Eq. (23) is in the frequency domain. The curve fitting is
quite successful, as seen in Figures 5 and 6.
In order to compare the theory to these results, Egs. (18) and (22)
are used. The second moments of the experimental results are found from % t=0'
Figures T and 8 displéy the experimental second moments of the two
erystals as a function of crystal orientation in the magnetic field. Also shown

are the Van Vleck calculations of the magnetic dipole-dipole second moment,

and a best fit curve of the functional form

(V) = A+ BF(0) = A+ Bl2wos®e - 2 cos’g] . (26)

This function is similar to Eq. (18}, and should have the correct angular

variation for all of the NMR line broadening mechanisms present in this material.
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Figure 8.
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Line broadening mechanisms

As discussed by Sundfors,2 there are three line broadening mechanisms
important to the data taken in these samples. They are: magnetic dipole-diple,
electric quadrupole with impurity-caused field gradients, and nuclear pseudo-
exchange interactions. In the undamaged crystal, our calculation of dipole-
dipole and exchange effects are in agreement with Sundfors. Further, the
exchange effects are not different in the damaged crystal. The remaining questions
are thus: how does the dipole-dipole contribution vary with defect concentration;
and more importantly, how sensitive is the guadrupclar broadening to the defect
concentration?

The dipole-dipole interaction varies with defect concentration due to
the first-order quadrupole freguency shift of the NMR 3/2+1/2, -1/2+ -3/2
transitions. This shift makes part of the dipole-dipole hamiltonian non-secular,
reducing the line broadening and causing an apparent narrowing of the resocnance
line. This effect is a small change - 10% or 20% -~ and we have discussed it in
an earliér report on these experiments.l

Most of the change in second moments between Figures 7 and 8 is due to
quadrupcle mechanism proposed in Secticon II. The encormous change due to charged
defecté verifies our hypothesis that NMR is a sensitive tool for detection of
these defects. . '

To be quantitative in this analysis, one must change the direection
cosines oxpressed in Eg. (18) to the angle of orientation of a sample in the
magnetic field. First, using the general expression n:’-ﬁ-n z +nz=l

J d

one can show

Ltn, nJ)ZJ“ (n, n, )+ "y 03)7-]:_12—-’_ 'z%[*’l: ¥ "73“ + n; ]
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These samples were rotated about the <H0> axis {i.e. the <H0> axis
is held perpendicular to theconstant magnetic field.). Defining the angle
between a<|To)axis and the magnetic field as © , Eq. (18) becomes

—_— &

o =4e, —-%%?Lg- Lee), a8
where £(B) is the function defined in Eq. (26). The quadrupole; contributions
to the second moment have the same functional form as the angular dependent part
of the dipole-dipole contribut.ions. For example, the Van Vleck calculation of

69

dipole-dipole broadening for Ga “As gives

Q2> =.299 +13346)  (kH4s°). (1)
In order to find the guadrupole contribution m to the composite
second moment OE"' , one must subtract all other contributions from the composite
moment , as shown by Eq. (24). Adding Sundfors' value of the isotropic exchange
coupling, <Av(=;>ex = .25 LHJZ' , to the dipole term given by Eq. (27),

the sum of terms other than quadrupolar becomes

=g, 8V, = 54,4+/33f(e) (28)

The composite second moments for the undamaged crystal, (CJ;Z’)U , and
the damaged crystal, (CTCZ )D , are given by the best fit values for the

parameters A and B in Eq. (26). The curves shown in Figures T and 8 are

(G2), =679 +1.22 f6) (undameged) , "

and (0;1)13 — 2.48 + L,L'BO I(e) (damaged).
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Using Eqs. (24), (28), and (29), one finds

_-_E _ (CJ;?-)U _O;z
W, = == 19218 (),

end (30)

AV = 320 +4.495f) .

If no other broadening mechanisms are present, the coefficlent of £(8)
in Eq. (30) arises from quadrupolar broadening. Two aspects of Eg. (30)
meke this attribution suspicious - the existence of an isotropic contribution,
and the negative coefficient of f(8) for the undamaged erystal. The latter
implies that the dipolar and isotropic exchange interactions give contributions
larger than the experimentally measured moments. . More recent data have shown that
a pseudo-dipolar exchange interaction is present. This will be reported at a
later date. For now, for order-of-magnitude purposes, we will assume the
coefficient 4.95 in the desmaged sample is due entirely to gquadrupolar broadening.

_ The angular dependent part of ZRZ? gives us AVE  in Eq. (18').

Using the values o = (3G./4 (assuming an As defect), E(w=0) = 12.5'j
e*:e.._, R= IOlo Cm"l , and Q from Table I, we calculate f’l =2.5% Iolfcm‘s_

This value is an order of magnitude smaller than that predicted by
extrapolation from the data of Pearson, ﬂ.g_l_.ll ( PI = § x ;0'6 em=3 ).
Considering the crude analysis here, this discrepancy is not at all disturbing.
The important point is that we have easily detected a defect concentration that
is lower by a factor of at least 100 from previous measurements.

More Recent Data and Analysis

During this past summer, considerable additional data were taken.

69A T1 5

Ga “As, Ga "As, and Gahs resonances were observed as a function of crystal

orientation; for an undamaged, pure crystal, a crystal doped with 51 {carrier

6

concentration hx 101 cmf3), and pure crystals heated to SOOOC, 60000, and
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TOOOC and then gquenched at room temperature. Signals were observed carefully
immediately after quenching in order to observe any snnealing effects.

Using all three resonances, one can calculate the contributions of
all broadening mechanisms. The gquadrupcle broadening thus calculated gives
impurity concentrations that generally agrees in magnitude with the data of
Pearson et gk.,ll but at even lower concentrations than cited here.

As the analysis of these data is completed, and the results prepared

for publication, N.A.S.A. will be sent copies as addenda to this report.
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Abstract

A simple and inexpensive computer interface for write-only paral}el
data transfers from a Digital Equipmeﬁt PDP-8/E minicpmputer equipped with a
KAB-E Positive I/0 Bus to some peripheral device is describedr The data trans-
fer is under program control and is thus versatile enocugh to transfer data to
a number of devices. The application discussed here is a data transfer to
magnetic tape using a Cipher Modei 100 incremental tape drive, for later

processing by a large computer.



It is often advantageocus to collect date using a laboratory minicomputer
and then to transfer the data to a larger computer for analysis. In this laboratory,
|Signal averaged pulsed NMR data are recorded on IBM compatible 9 track megnetic ‘
tape by our Digital Equipment Corp. (D.E.C.) PDP—B/E{ using the interface described
here, The interface allows perallel data transfer under progrem control and is
able to couple the PDP-8/E through the Positive I/0 Bus KAS8-E to many devices
merely by changing the cutput ceble.

We record data temporarily at the end of each run using a Tennecomp TP-1375
cartridge recorder, and transfer it as a group to IBM compatible tape at a later
time. Thus the tape drive is only occasionally nedéded and can be shared with other
research groups. In addition, punched paper tape that is used by many laboratory
instruments can be read into the PDP-8/E through the associated teletype, converted
to the appropriate format, and transferred to the magnetic tape.

The ecircuit design, shown in Figure 1, requires eleven integrated circuits.
Three MC3001 are used to buffer the data, preventing possible loading and cable noise
problems. As designed, data are always present on the peripheral inputs, but if

necessary the twelve AND gates could be enabled by & buffered input/output pulse

i

(BIOP) from the KAB-E.

An eight input NAND gate (MC3015) detects the correct device code (as
designed,_2ha) specified by the buffered memory bits 3 through 8 (BMB 03-08). The
NAND gate output enables the instruction decoder, a one-of-eight decimal decoder
(MChoUB). This design uses only the instructions binary coded 1 through 4 by
BMB 09-11. Coincidence of an instruetion decoder output and a BIOP pulse on the

input of cne of four AND gates (MC3001)} executes the instruction.



Two instructions may assert the KA8-E SKIP L signal (in turn causing the
PIP-8/E to skiﬁ the next program step). The peripheral BUSY signﬁl (after inversion)
inhibits BIOP 1 from asserting SKIP L if the program interrogates the BUSY étatus
(instruction 1) while the peripheral is busy. In addition, if the peripﬁeral
detects an error, a positive level on one of four inﬁuts is inverted and pesses
through the AND gate (MC3011). This allows BIOP 2 to assert SKIP L when the
program interrogates the error condition (instruction 2). four lemps and drivers
(MC858) are used to identify the error. Open collector NAND gates (NB8881) assert
the SKIP L line. All inverters are in MC3008 hex inverter packages.

Instruction 3 causes a STEP/WRITE action by the tape drive., Finally, when
the dﬁta transfer is complete, instruction 4 causes the tape drive to write an inter-
record gap (IRG).

The External Bus cabling plugs into a D.E.C. H803 connector block. This
interface uses half of a D.E.C. W979 module. The output cabling consists of twisted
pairs anchored to another mcdule thet plugs in an adjacent slot in the block.

'The recording program depends on the type of peripheralf Most parallel

data transfers can be done with a combinatiﬁn of the four instructions given here.
For example, this same interface is being used to transfer data to a Digi-Data Model
1700 synchronous tape drive and formatter, and directly to an IBM-360 equipped with
a special IBM 2972 Scientific Interface Control wnit. |

Cbpies of the software, both the EDP~8/E program eand the Fortran program for

reading the magnetic tape, are availsble from the authors.
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ABSTRACT
Pulsed NMR was used to detect charged defect
cornicentrations as small as 2:{101h em 3. An undoped type n
single crystal of Gads was cut into several samples, and
NMR second moments were cobtained as a function of magnetic

field orientation for GaTl, Ga69, end AsTS. The orientationelly

1

dependent part of the Ga second moment is one half that
expected from the dipolar interaction. An explanation is given
pased on interference between the dipolar and the negative
pseudodipolar interactions. There is a contribution to the

second moment due to the electric quadrupolar interaction

between nuclei and the electric field gradient (efg) associated



with point charge like defects, and it is proportional to
the defect concentration. Because there are three lsotopes
we can separstely identify the guadrupolar and pseudodipolar
second moments. In order to introduce crystalline defects,
samples were held at a constant temperature (500°C, 550°¢,
600°C, 700°C) in evacuated tubes and quenched to room
temperature. The increase in second moment is due to the
increased quadrupolar contribution, and it establishes the
defect density. for each damaged sample. The pseudodipolar
interaction iz observed to be independent of damage. Our
data indicate that the defects are located on the As nuclear

sites. No anneeling was observed.
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1, INTRODUCTION

In ITII-V compounds, the broadening of the nuclear magnetic resonance
(KMR) line is due +to four rigid lattice interactions. In particular, the

T1 69

NMR second moments of the three isotopic species in GaAhs (Ga'~, Ga ~, and ASTS)
contain contributions from all four of thesc mechanisms.

The dipolar interaction is well understood, and its contribution to
the NMR second moment may be calculated theoretiCallyl. In 1957 Shulman, et al.2’3
repérted linewidths in undoped powder samples of Gads larger than those expected
from the dipolar interaction alone. The additional broadeﬁing was attributed
to the indirect exchange interaction between unlike spin sysiems, This
nuclear exchange interaction involves an indirect nuclear spin coupling ~6 via
the hyperfine interaction between the electronic and nuclear spins. Its nagnitude
depends mainly upon the s character of the electronic wave function at the

7

nuclear positions. More recently, Sundfors' has observed linewidths in several
11T~V compounds using both NMR and nuclear acoustic resonance (NAR) technigues.
He identified the exchange contribution to the second moments and, using the
theory of Anderson6, the exchange coupling constants.

| Another electron coupled interaction is the pseudodipolar interactionh.

The role of this mechanism in the bfoadening of NMR lines in IIT-V compounds is

not well established, but a large negative pseudodipolar effect (canceling some

v



. 8
dipolar broadening) has been cbserved in the P31 resonance in InP . The
pseudodipolar interaction will be required to explain the data reported here.

In undameged samples both the Ga69 (e

and Ga' =~ NMR second moments are smaller than
those predicted by the dipolar interaction aleone. In this case, the sign of
the pseudodipolar coupling constant may be unambiguously determined.

Gals has a zine blende structure. Thus, the efg at nuclear sites is zerc
unless there are lattice defects. Randomly located lattice defects cause a random

9

efg at nuclear sites and broaden the NMR line. E. H. Rhoderick” observed the
effects of substitutional impurities upon NMR line intensities. The intensity
loss with increasing impurity concentration is due to quadrupolar broadening
caused by the efg assoclated with the impurities. It was found that the efg
associated with icnized donor or acceptor impurities is larger than that
pssociated with strains produced by neutral impurities. The explanation of the
sensitivity of the NMR line to the ionized impuritieslO required anomalously
large aentishielding factors on the order of 1000.

Gill and Bloem.bergenll reported a direct measurement of the coupling
constant relating the components of an efg tensor to an applied homogeneous
electric field. The efg induced at nuclear sites is caused partly by a distortion
of the wvalence orbitals and partly by a relative displaéement of the Ga and As
sublattices. Taking both effects into account, the coupling constant was
explained using antishielding factors of 24 and 30 for Gs snd As, respectively.
Since the induced efg is proportional to the electric field, its magnitude

-2 . . .
decreases as r in the field of a polint charge. In-contrast, the direct efg



caused by a point charge decreagses as r—3. Thus the guadrupolar

interasction is dominated by the induced efg. Using this induced quadrupolar
intersction it is not necessary to introduce large antishielding factors to
explain Rhoderick's dsata.

Sunc'iforsrr identified the electric quadrupolar contribution to the NAR
linewidths in samples of known carrier concentration. Comparing his measured
linewidths to those predicted by a simplified theory of the induced
quadrupole interaction linewidth, in which the number of charge centers is set equal to
the carrier concentration, he obtained order of magnitude agreement with the
measurements of Gill and Bioembergen.

In this research we demonstrate that NMR linewidths can be used to
detect low concentrations of charged defeets in single crystals of GaAs. We
have done this with careful measurements of NMR second moments as a function of
magnetic field orientation for all three isotopic species. We identify individual
contributions from the four broadening interactions; and, using an improved theory,
we show that the first order quadrupolar contribution is proportional to the
charged defect concentrgtion. Thus the identification of the quadrupolar
contribution to the second moment is a measurement of this concentration,

Defect concentrations in several samples were altered by subjecting the
semples to thermal damage. The process was similar to that of Potis and PearsonlE,
but our damage temperatures were far lower, producing fewer defects {on the order
of leOlh cm_3, compeared to their 1018 cm_B.) Using vapor pressure deta we estimate
the As vacancy concentration caused by As sublimation at elevated temperatures.

In this estimate we assume that As molecules in the vapor phase are frozen



out of the lattice by the thermal quench. The vacancy concentration deduced
from the vapor pressure data is more than an order of magnitude larger than the
concentrations projected from Potts and Pearson's experiments. Qur HMR measure-

ments of the defect concentrations lie about mid-way between the two projections.



I1. THEORY

Consider two different nuclear-spin systems with nuclei having spin
argular momentum *\I._ and#\é, and non-overlapping resonances. The resonance
experiment is performed on the spins I. We assume that the resonance 1s
broadened by the following four interactions: dipeolar, pseudodipolar, exchange,
and quadrupolar. The second moment of the resonance line is caleulated from the

expression given by van Vleckl

iy = =K T/ T, @)

where Y is the system hamiltonian, and I is the total spin operator proportional
to the observed magnhetization.

Following the notation of Su.ndforsT, we write the system hamiltonian as

Y = Wt Wos + M+ Hos + Koo+ Hert Mo+ Weis + Mo +Ms + %as*%r’ (2)

where and %5 are the Zeeman energies for the I and S spins, respectively. We

oL

may combine the truncated dipolar and pseudedipolar interactionl?’ terms as

Rher Hoe K8 L, (HEOGLL-LL) RO, o)

WDS-'- %5 = *\ax‘sa Zt?.s (]-I-g,t.; (35&531- aS,,'_. ”S‘J)Pa(e‘i> r':a ) (3b)



o~ -3
WDIS +€H'PIS = 11"3313'5 Zi,j (HBU) IiiSJ't- Pa(e‘d) ﬁ‘; (3e)
where Bij is the pseudodipolar coupling constant for like spins T, %/ij ig the
pseudodipolar coupling constant for like spins 3, gij is the pseudodipolar
coupling constant for unlike spins I and 3, and aij is the displacement vector
from the ;¥ uclear site. The second Legendre polynomial is written as PQ(eij)’
vhere eij is the angle between iy and the Zeeman field. The exchange terms may
be written

Per = Xoosi Ay Ll

(3d)

- g
WEE-ZD&ALI SLQ‘; (3e)

- 7 ~
Mes™ 245 Ay TaSp (31)

vhere Aij is the exchange coupling constant for like spins I, K,ij is the
exchange coupling constant for like spins S, and Ki,j is the exchange coupling

constant for unlike spins I and S. The guadrupolar term %I cari be written

WQI. - AZ‘S [5132 "Ii (13*'1)-_} \4:5 , (32)

where szj is the efg at nuclear site J, and A=eQ [hI(EI-l)]_l, where Q. is the
electric quadrupole moment of the spins I. |
By combining Eqs. (1), (2), and (3) one obtains the expression for the

NMR second moment

& .
(aHD = 3TATDER Y Jorep) GhRe)] *35(5*'325/”\5-'-
+2oe)RR T [0+ BT Re)]* +

+ THIEH)-3] Aa/v"asf’f\_azvizi , (1)



The lattice sums in the dipolar terms of Eq. (M) may be separated
into two parts, one of which contains no pseudodipolar coupling constants,

Consider just the dipolar sum for like spin broadening. This may be written

PR [CEN I ACH ) By’ AT INEACHINE

The first sum on the right side of Eq. (5) contains the pseudodipolar contribution
to the second moment and the interference term between the dipolar and pseudo-
dipolar interactions. The second sum is just the dipolar contribution in the
presence of zero pseudodipolar interactions. This sum may be performed, and for

the zinc blende lattice it has the forml

—& o
Z& r,i P:\(e.i) = 'EI-; {a +b(“‘xifi'n;+ “:)] , (6)

where n_s ny, and n, are the direction cosines of the Zeeman field in the
crystalline coordinate system. When the sum is performed over nuclear sites on
the fcc sublattice containing the spins I, Sundfors computes a=256 a6“6 and
=-118 ao—6, where a, is the lattice constant. For the non-resonant sublattice
he computes a'=21;91 ao_-6 and b'=-2390 ao_6.
If the magnetic field is rotated in the (170) plane, and £ is defined

as the angle between the [110] direction and the Zeeman field, then

RV SERERIO e

where £(8) = 2 c0526 - -g— coshe . Combining Egs. (6) and (7) we may write the

dipolar sum in terms of £(8),

ZJ T}f P?.'.a(e;'i) - X+ Y?(e) , (8)



where X = (a+b)}/8, and Y = -b/8. The dipclar contribution to the NMR second
moment thus contains an isotropic part, X, and a part dependent upon the magnetic
field direction, Y.

We consider now the first sum on the right hand side of Eq. (5). The
electron coupled pseudodipcolar interactlion is extremely short ranges, and we
assume that only nearest neighbors interact. Thus the first sum in Eq. (5)
vanishes because it does not contain the nearest neighbor shell. However, the
corresponding term in the expression for unlike dipolar breoadening does contain
the nesrest neighbor shell. The coefficients E%j are independenf of eij and may

be factored out of the sum. The pseudodipolar terms become
~ o~ - 2 pheg ~ &
Rl ) By B Biey) =ah¥e By, (2+8,,)U/d3) $©®), (o)

where BNN is the nearest neighbor pseudcdipolar coupling constant. With this
nearest neighbor approximation, the pseudodipolar terms have the same orientation
dependence as thé angular part of the dipolar contribution to the second moment,
but there is no isotroplic pseudodipolar contribution.

In order t¢ evaluate the guadrupolar contribution to the second moment
we require a specific model for the efg tensor. The efg associated with crystalline

7,9

strain is much gmeller than that caused by charged impurities and may be
neglected when both are present. Thus we assume that the efg is due entirely to
the electric field of charged crysitalline defects. The general tensor relaticnship

between the components Vi
11,1k

] of the efg tensor and the electric field ccomponents Ek

is glven by



-5 (10)
\/i‘s - LR R;;\hER , . o

where Rijk is a third rank tensor. In the zine blende crystalline cocrdinate

system Eq. (10) may be writtent™

O E, ET
\/: -R\L\ E: O Ey (1)

E, Ex O

where Ry), is the magnitude of the non-vanishing tensor components.
The component of V in the secular part of the quadrupole hamiltonian

is ﬁ'V'ﬁ, where f is the unit vector in the direction of the Zeeman field. We find
A A 12
A-Veh = —2Ru(nyneExt ﬂxﬁzEy’rnxV\yF—z). (12)

Since most of the nuclei affected by a given impurity iie outside the first few
near neighbor shells, we use the static macroscopic dielectric constant € to
15

approximate the electronic screening. Thus the electric field at a displacement

r from a single impurity of effective charge e¥® is

E =& fer? (13)

F

Combining Egs. (4}, (12), ana (13), we obtaln an expression for the quadrupolar



contribution to the second moment for a single impurity
_ 3 ARy E -G
<AHag . “‘('-\I(nn\ 3] (——-—)f—\—) er (n,nix“f\,,niya.mxnyzj). (14)
3

‘Due to the lattice symmetry of Galds, summations over terms xjy., szj’ and ysz
|
vanish, and swummations over terms xi, y?, and zi are equal. Using these and the

properties of direction cosines we may rewrite Eq. (1h)
2 _ gl _ fQIaﬂifL ‘*
{ Al >Q,1 = 5 {_“H-.CI‘H) 3] ( c 3R NZ ‘?(6) (15)

We assume that the charged defects occur randomly on one sublattice.
The efg at a nuclear site is the sum of contributions from gach of the charged
defects. From the central limits theorem,l6 the brosadening due to NI impurities
is NI times that due to a single impurity, and the quadrupolar second moment

expressicn becomes
AR, Gif ¢ f’ ' f*
(avey, = £[1a-3) (e55) (5) %(e);qs e

where the ratic of defect density to nuclear density pI/p has replaced the ratio

NI/N. This contribution has the same angular dependence as the pseudodipolar
second moment. Both vanish when O =W/2, where the Zeeman field is aligned with
the [001] direction.

We have calculated the lattice sum over rgh in Eq. (16). The discrete
sum was performed over a cube with an edge size of l6ao. An integral was performed
over the remainder of the samplelT. The result of this calculation is 33.75 &o-h
for impurities located on the same sublattice as the nuclear spins I, and 63.31

-

a, for the impurities located on the other sublattice.



IIT. EXPERIMERT

The experiment was performed on several type n single crystals of
Gals, sliced from a single undoped, boat grown ingot, purchased from the Monsanto
company. The properties of the ingot were supplied by Mansanto as follows: resistivity,

l.3hxth chm-cm; carrier concentration, 2 410t cm-3; electron mobility, 2.TxlO3

cmvolt Tsec ™l  end etch pit density, 4.2 x 101* em 2. A 50 micron diamond
saw was used to cut the ingot into several samples of nearly equal size, about
0.5¢m by 0.5cm by 1.0 cm. A type n silicon doped sample purchased from
Electronic Materials Corporation was also studied. Its properties as

measured by the manufacturer, were: resistivity, .03 ohm-cm; carrier
concentrsation, hx1016cm-3; electron mobility, 5x103 cm?volt_lsec"l; and etch pit
density, 8x10h cm_2.

The free induction decay (FID) following a single 900 pulse was observed
for the three isotopes in each of the samples as a function of magnetic field
orientation. The [IiO]_axis of the sample was oriented perpendicular to the
magnetic field, and changes in the magnetic field orientation were acccmplished
by rotating the sample about this [110] exis. In this way, the major crystalline
symmetry axes ({001}, [110], and {111]) could be aligned with the magnetic field.

After a sample was studied, it was subjected to thermal damage, and each isotope

was studied again in the same menner,



In order to introduce a known defect concentration in the samples,
each was thermally damasged following the method of Potts and Pearsonlz. In that
work the crystals were held at a constant elevated temperature (lOOOOC to lEOOOC)
in an évacuated vessel for 24 hours and then guenched to 0°C in less than 0.2
seconds. Vacancy concentrations were then determined by the Kossel line
techniquel2’18. In our experiment much lower prequench temperatures were used
(SOOOC to TOOOC), thus introducing lower defect concentrations. In addition, due
to the size of our samples, a rapid quench would cause macroscopic damage, SO a
much longer quenched period of 10 to 15 minutes was used. Ionic mobllities in

19

GalAs near room temperature are quite low™ ~, so the vacancy conceatration caused

by sublimation of As atoms is not expected to depend upon the period of the quench.
However, Frenkel pairs may recombine quickly, and a longer gquench perlod might
substantially reduce their concentration. Room temperature annealing of damaged
samples was observed by Potts and Pearson, and it was interpreted, in part, as

due to the recombination of Frenkel pairs. No annealing was observed in our
samples, so any Frenkel pairs must have siready recombined. In addition, after

the quench a metallic film remained on the vycor vessel. Chemical analysis

failed, but from vapor pressure data we are convinced that it was As. It is
concluded that this slow thermal quench generates As monovacancies.

NMR measurements were made with a pulsed NMR system shown in block
diagram form in Fig. 1. All measurements were made at a fixed frequency of 1h.h
MHz, with the appropriate magnetic field supplied by a Varian V-3900 electromagnet
snd power supply equipped with Mark I Fieldial stabilization. The rf system,

with few exceptions, is very similar to that described by Bllett,et al.zo as
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Figure 1 Block diagram of pulsed NMR apparatus.




spectrometer B. Our gated power emplifier, however, is an NMR Specialties Model
P-103R. Also, the signal duplexer and preamplifier are those described by Lowe
and Tarr,21 modified for a 50 ohm system. A single coil, series tuned probe was
used., At resocnance the probe impedance was 50 ohms with a quality factor of
approximately 5. |

Since the sample is piezcelectric it produced an unwanted transient
signal following the rf pulse. Without special precautions this distorted
approximately the first 100 microseccnds of the FID. It was suggested that such
noise may be damped by plecing the sample in contact with a fluid of appropriate
viscosity. However, i£ was easier, and just as effective, to surrcund the
sample by a Faraday shield. The mylar strip was removed from a metallized mylar
capacitor, enclosed in insulating tape, and wound closely around the sample
coaxially with the rf coil. This reduced both the amplitude and the duration of
the piezoelectric noise by an order of magnitude. ,

Control of the experiment timing is provided by a pulse programmer
designed and constructed in this laboratory. Its operation is based upon a
256 bit random access memory divided into 16 eight bit words. On execution,
each word performs a single step of a pulse sequence, either a pulse or a delay.
Pulse and delay durations can be controlled either digitally (using a 10 MHEz crystal
oscillator) or continuously (using 9601 monosteble multivibrators). Two internal
step counters as well as a minicomputer interface allow the programmer to control

almost any pulsed NMR experiment.

The signal to noise ratio (8/N) of the FID following each 900 pulse was



approximately 10, too small for accurate determination of the linewidths. 5o
5000 FID's were signal averaged to yield a S/N of over T00.

The FID undergoes analog-to-digital conversion in an 8 bit converter,
a modified Computer Labs Model HS-802, at a rate of up to 5 MHz. Because this rate
is too great for direct computer storage, the data for a single FID (1024 eight
bit words) are stored in a buffer memory. Subsequent transfer to a Digital
Equipment Corp. PDP 8/e minicomputer takes place during the NMR longitudinal
relaxation tine, Tl’ at a rate set by the computer. The computer maintains
storage of the most recent FID and the accumulated sum. Either
of these may be displayed on an oscilloscope during Tl. When 5000 FID's have
occurred, the computer transfers the accumulated data onto 9 track, industry
compatible magnetic tapes. The analysis of the data was performed with an IBM

360/50 computer.



IV. ANALYSIS

Lowe and Norberg22 have shown that the moments of the NMR line can
be determined from the time derivatives of the FID at t=0 by using the relation
n on
w - 20
q) \ dt*" f=0 ,

where <Am‘“) is the Enth moment and g(t) is the FID. However, the t=0
23

point is precisely in the center of the rf pulse ~, and the FID derivatives
cannot be measured there directly. One method of obtaining second moments from
the FID is to fit the visible part to an analytic function and to extrapola£e
back to t=0 in order to evaluate the derivatives. The accuracy of this method,
of course, depends upon the ability of the function to describe the FID.

We used a least squares fitting routine2h to fit the FID with two

functions. The Abragam function
9 (t)=exp (-oft?/e) s @t/@’t (18)

25

was found to approximate the F19 free induction decay in CaF2 very well. Our
data appear qualitatively similar to the fluorine FID. However, when the
Abragam function was fit to Gads FID's, there were systematic devigtions. Fig. &

shows the generally unsatisfactory character of the fits of this function.
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rl.éure 2 Ga.69 FID and best functional fit using Abragam function.
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% and 50 zero quadrupole moment. Thus one would expect the

¥~ has spin
GaAs FID shapes to be modified by quadrupolar broadening. For half odd integral
sping the first order effect of an efg is to leave the transition between the

1/2 to -1/2 energy levels unchanged and to split the other transitions into
satellites. If the efg is random this leaves the central component of the line
unbroadened while the remainder of the line broadens. Thus the FID has = fast
decaying component arising from the satellites and a slower decaying component
arising from the central component. In the case of spin I=3/2 nuclei, the satellite
lines make up 60% and the central component lines the other 40% of the total

resonent absorption. Thus the FID can better be described by a sum of two

Abragem functions. The function
q (t) = [Ile,xp(— o2 )+ exp C Sa{a/’a)] s‘wxﬁt/?’t (19)

describes the Gads FID very well, as shown in Figs. 3 and 4. The angular

frequency second moment of a FID described by Eq. (19) is %Ba +(I|42+Izsa‘)/a.+1'p_) R
Based on the above reasoning, more adequately discussed in the Appendizx,

cne expects to find 11/12=2/3 and A< B . However this is not always

the case. We find that the ratioc Il/Ig_departs from its expected value with

increasing quadrupole interaction. The guadrupole moments as shown in Table I

7> Fip (forB# M/2) is

69

cbey the inequality QT5)Q69>QTl' In all samples the As

described by Eq. (19) with I,/I,)2/3. This is also true of the Ga
Tl

and, to a
lesser extent,the Ga'™ FID in samples with large defect concentrations.

One reason for this departure is our choice of the Abragam function as

the functional form of the FID in the absence of the quadrupole interacticn.



TABLE T. RELEVANT NUCLEAR PROPERTIES®

EBlectric b
Natural Magnetic Quadrupole R)),
Abundance Moment Moment o B
Isotope (%) I () (barns) (10%° em™)
ca't 39.8 3/2 25549 .12C 1.06°
6a8? 60.2 3/2 2.0108 .19 . 1.28°%
as 1’ 100. 3/2 1.43L9 .29% 1.72°

a. F. Bovey and A. Tiers, NMR Tables (Wiley-Interscience, Inc. New York 1967},
5th ed.

b. The magnitude of coupling constant relating efg to applied electric field is
adjusted for the given.values of quadrupole moment.

c. G. F. Koster, Phys. Rev. 86, 148 (1952).

d. V. S. Korolkov, A. G. Mskhanek, Opt. Spectry. USSR (English Transi.) 12,87 (1962).

e, D. Ciil snd §. Bloembergen, Phys. Rev. 129, 2398 (1963).
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The Abragam function is successful in describing the FID of a spin 1/2 system
broadened by the dipolar interaction only. The presence of the like nuclear
exchange interaction can alter the shape of the FID substantially without an
effect on the second moment26. Further, in our lineshape calculation in the
Appendix we do not allow the width or shape of the Abragam function to be
affected by the quadrupolar interaction. <Clesrly the presence of a large efg
can cause parts of both the like spin dipolar and like spin exchange interactions
to become non-secular end mey substantially alter the lineshape as well as the
second moment.

Certeinly part of the deviation of the gxperimental liﬁeshape from
our simplified theory is due to our. inability to observe enough of the initial
part of the FID so that the fitting routine may determine the parameters

1>

accurately. From cur theory, the satellite component of the As

FID at9=660 in a sample of defect concentration 1016 cm-3 should have a

half width of 23 psec. Thus we can detect only three quarters of the initial

intensity of the As'’ FID. Clearly the As'®

data are unreliable in this region

of defect concentration for this magnetic field orientation, the [121] direction.
In order to measure the broadening in samples of large defect concentration, second
mement messurements wefe made near the @=1/2 orientation where the initial part

of the FID 1s slow encugh to observe accurately. However, even here there are
fitting difficulties in samples with large defect concentrations.

As a result of the deviation of the fitting parameters of Eq. (19) from

their expected behavior, one can not always interpret these parameters physically



as in the Appendix. lHowever, based on the agreement between the FID and Eq. (19)
the second moménts are believed accurate. We use only the second moments in the
following analysis.

Tt was shown in Section IT that a rotation of the magnetic field about the

[2T0] direction results in the second moment varying as
(aWy = C +Df@ . (20)

The contributions to the isotropic part C are from the dipolar and exchange
mechanisms, while the contributions to D are from the dipolar, pseudodipolar and
quadrupolar mechanisms. Paris ¢ and D were determined by fitting the
measured second moments at known © to Eq. {(20). Generally, sixteen orientations
covering a rotation of 120° were used to determine C and D. However, in samples
with large defect concentrations only the orientations close to @ =T/2 were
used, as few as six orientations. Figs. 5, 6§ and 7 show the second moments versus
orientation for several ssmples. Table IT contains the coefficients C and D for
each isctope in each sample.

Given these isotropic and angular dependent parts, the second moment

contributions from the different broadening interactions may be identified. The

pure van Vleck dipolar contributions are well knowan, and they are for each
isotope:
no_ 2
(= 2+t qusd, o)
@A 2
(AWR) = 29 + 1275 qow-s5) (210)

S
Cary,

1t

25+ a145® %auss?j, | (21c)

where the subscript denotes the broadening mechanism, and the superscript the

T

isotope. NAR data' on GaAs yield exchange coupling constants., Including only

nearest and next nearest neighbor interactions, the unlike exchange contributicns



TABLE II. MEASURED SECOND MOMENTS AS A FUNCTION OF
MAGNETIC FIELD ORIENTATION. THE SECOND MOMENT
1S5 EXPRESSED AS C + D f£(@) IN UNITS OF GAUSS2

galt ca®® AsT?

Semple ™ C D C D ¢ . D
MTU .58+.02  .68%,06 L64t.03 1.18+.08 1.hkx. 07 L.73%.36
M2U LBhe, 03 L63£.07 6L+, 03 1.22+.10 1.32+.07 5.58%.66
M3U .65¢+.04  .69+.10 .T2%.,03 1.30+.11 1.37+.01  L.63+.0h
MTD500 .58+.03 .77+.08 63,01 1.79%.02 1.40+.10 7.30%.85
MRD550 ,6L:.03 1.30%.10 .66+.04 3.92+.19 1.23+.08 17.2#1.23
M3D600 .69%,01  1.84%.03 JT2x.0h 5.05#+.51 1.15+.08  19.4+1.60
MTD600 63,04 1.98£.13 .T2+,0k 6.08%.45 1.30+.,1h  2L.9#1.61
M5DT00 65,04 2.40%.23 .88+.07  T.46%.58 1.66%.14%  21.2+1.1k
EMC{Si) LT2+.05 3.18%.29 .95+.08 7.34%.73 2.83+,23  25.1%2.3%

a) BSample identification M2D500 means a Monsanto crystal quenched from BDOOC.

Undamaged samples are labeled with a U. =®MC(Si) is'a Si doped sample purchased
16

from Electronic Materisls Corp. with a carrier concentration of 4x10 em™3,
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to the second moments are

(ane)

2 .
.25 qauss”, (228)

&
(BH%), = 24 Saussa, {22v)
(AHZZZS = .58 3qussa‘ . | (22¢)

Subtracting the contributions {21) and (22) from our data leaves only
the contributions from the quadrupolar and pseudodipolar interactions. Cur
analysis predicts that these contributions will have no isotropic part, and, as
can be seen from Table II and Eqs. (21) and (22), the isotropic remainder is
negligibly small for the twe Ga isotopes. In samples of large gquadrupolar
broadening, however, the isctropic remainder is larger than predicted on the basis
of dipolar and exchange contributions.

In order to separate the contributions from the quadrupolar and
pseudecdipolar interactions we use the fact that the pseudodipolar broadening in
gau552 is the same for both Ga isctopes. This is because only the four nearest
neighbors, all As nuclei, contribute significantly to the pseudodipolar broadening.
Then the difference in the remaining angular parts of the Ga second moments must be due
to quadrupolar broadening. Both Ga isotopes experience the same random efg, so
the difference in their quadrupolar contributions must be due to the difference in

thelr nuclear properties. Since <4H?' >9 oc Qf /Kf , We may write that
9 U
(MY, = K Lawey, (23)

2
where K = (Qu‘la“/@ub"ﬁ) .

71 69
If DR and DR

71 69

are the remaining angular parts of the Ga and Ga second moments,



respectively; then

-} |
(e, = (k) (-0

The relevant nuclear properties are shown in Table I. The values of
th have been adjusted for more recent values of electric guadrupole moment.
Gill and Bloembergen give different numbers for the values of‘th
for the two Ga isotopes. Fhysically we see no grounds for this difference, and

thus a weighted average value of 1.2x10% %™t

is used for both. The

Ga 9 value is weighted heavier because the experiment on Ga69 was probably more
accurate, due to the better S/N and greater quadrupole shift than GaTl. Another
experiments]l measurement of th has been performedlh. In this experiment th
was measured dynamically by observing the nuclear transiticns caused by an rf
electric field. The evaluation of th involves more manipulation than the
straightforward experiment of Gill and Bloembergen. For this resson the statie
measurements of th are used here.

&
Once (AH“}J' and AR have been established we may find

the Ga pseudodipolar contribution
U A WS
(aHR), = (ol = (k-\) (KD - DY) . (25)

Comparing Eqs. (25) and (9), we obtain an a quadratic expression for the

1
pseudodipolar coupling constant B in terms of DT

9
NN R and DR . There are itwo

solutions for gNN’ and this experiment cannot distinguish between them. In the
case of GadAs both solutions are negative in sign.
The pseudodipolar interaction is propeortional to the magnetie dipole

moments of the interacting nucleis. Thus we may write

-2, 1
(AH?‘>;5: (485 +.630 ) B CAHY , (26)



where .4 and .6 are the relative abundances of GaTl and Ga,69

, respectively. The

quadrupolar second moment contribution is Just the remaining angular part, Dg5,
2\5

less the pseudodipolar contribution <A‘4 . With the guadrupclar

contributions to the second moments determined, we may calculate the concentration

of charged defects. For nuclear spin I = 3/2, Eq. (16) reduces to

i 5 (LS  (E) Ly @

The defect density /C& is found from Eq. (27) by identifying (A?4a2? with

the measured gquadrupclar second moment. Table ITI contains the quadrupclar second
moments, the pseudedipolar coupling constant, and the charged defect densities

for each sample.

Agreenent of the defect densities as measured by Ga and As resonances
is obtained only if we assume that the defects are preferentially located on the
As sublattice. When this is true, the As nuclei are generally further from a
defect than the Ga nuclei and will experience a smaller quadrupolar interaction.
Thus the value of the lattice sum in Egs. (16) or (27) depends upon which sub-
lattice contains the defects. The defect densities listed in Table IIL are
calculated assuming As menovacancies.

Another assumption in the calculastion of the defect densities of Table III
is that the effective chargé of e defect is the electronic charge, or e*=ze, Ve
assume a model in which the GaAs lattice is mostly covalently bonded, but retains
s;me ionic character. The calculation of Harrison27 yields a net charge of

+0.87e on the Ge site and a net charge of -0.87e on the As site, where the electron



QUADRUPOLAR SECOND MOMENTS, DEFECT DENSITIES, AND PSEUDODIPOLAR

TABLE III.
COUPLING CONSTANTS. DEFECT DENSITIES ASSUME AN ARSENIC MONOVACANCY
OF CHARGE e.
GaHEY, (smss?) penstoe 15,3y ommting
As Measured By Constant
Sample C—aTl Ga69 AST5 Ga As Bux
MT7U L17+.03  .67+.13  3.85:.41  .2lr.0b  .2L4:.03 -1.54, -.46%.05
M2U L18+.04  L73+.16  L.T5+.70 .22%,05  .30+.05 -1.52, -.h8%.06
M3U .20+.05  .81+.20 3.83%.34  .20%.,06  .23%.02 ~-1.53, -.k7+.08
ansoo .3h+.03 1.36%.11 6.62%.89  .h2x.0h . L2£.06 ~-1.47, -.53£.06
M2D550 .B6+.07 3.48%+.28 16.6%1.28 1.07*.09 1.04+.08 -1.48, -.52+.09
M3D600 1.124.17 - b.51+.68 18.5%1.66 1.39£.21 1.,16z.11 -1.57, - 43£.08
MTD600 1.332.15 5.36+.62 23.7#1.70 1.65%.20 1.L9£.11 -1.65, =.35%.12
M5DT00 1.6T+.26 6.73#1.04 19.8+1.44 2.07+.32 1.25£.10 -1.70, -.30£.18




has charge -e. If we remove a neutral As atom from the lattice and allow
electronic charge shifts on only the four nesrest neighbors, then each neighboring
Ga ion acquires a net charge of 0.55e. Now there will be a certain ionization
energy for these four neighboring Ga ions to collectively give up one electron

to the conduction band and in the process acquire an additional .25e charge each.
Then each Ga ion has a charge 0.9e, very nearly the 0.87e each had before the
vacancy was produced. This small change in effective charge implies a small change
in the bonding orbitals. On this basis we expect that the activation energy for
iconization is smell. Thg induced efg is sensitive to the change

in the charge distribution. This difference is Just 0.8Te localized at the

site of the As vacancy and +0.03e at each neighboring Ga site. This appears

very much like a point charge defect to all nuclei, even the nearest Ga neighbors.



V. DISCUBSICN

a) Pseudodipolar Interaction
The presence of the pseudodipolar interaction in III-V compounds heas
been recognized only recentlys. One reason for this is that the nucleil in

31 is the only

these compounds generally experience quadrupole interactions ( P
exception). BSince the magnetic field orientation dependence of the second
moment contributions from each interaction has the form C+Df(B), the quadrupolar
broadening can easily mask the effect of the pseudedipolar interaction. There
would have been no clear evidence of the pseudodipolar interaction in this experiment
had not our crystals been good enough so that the second moments of the Ga rescnances
were smaller than those calculated from the dipolar interaction alone. We now
expect that the pseudcdipolar interaction will be found in ali III-V compounds.

There have been seversal theoretical treatments of electron coupled
interactions, both from a band structure approachh_6 and using locelized bonding

models.l3’28’29

In order to calculate the coupling constants from band theory,
greatly simplified band structures were used. These calculations are very coarse.
The localized bonding model calculations predict the negative sign Qfﬁ%d observed

in TlCll3, InPB, end now in GeAs. However, these calculations dc not agree

quantitatively with our date or the InP data.

In the treatment by Clough and Goldburng, it was noted that while



the absolute magnitude of ﬁij and ﬂ;j depend upon the degree of covalency‘ﬁ
of the bond, the ratio lﬁij/ﬁ;jl is independent of A . In their model they
find that this. ratio has a maximum value of 1/2 for purely p orbitals. Larger
values have been measured in III-V compounds. Englesberg and Norb(_erg8 observed
a \iij/ﬁaj\ retio of 1.8 in a single crystal of InP and 1.5 in a powder sample.
We measure a value of .73 or 2.2 in a single crystals of Gads, depending upon
which solution of Eq. (9} is.physical.

Clough and Goldburé developed their expressions for T1CLl erystals.
One should not expect that the same model can accurately describe III-
V compounds. Their method begins by assuming a fixed degree of covalent
character to the bonds. This covalent part of the bond is then represented by
s verisble admixture of s and p orbitals on each of the atoms contributing to the
bond. They then find, using second order perturbation theory, an expression for
the Igij/ﬂijl ratio as a function of the amount of s and p character in the
bond.

The application of their model to Gafs has two major defects. It does
not account for the 4 state admixtures in the wave functions that are known to
be important. The second problem is that in polar semiconductors the wave
function of valence electrons mcves toward the anioneT(As), while the wave function
for the conduction band shifts toward the cation3o (Ga). Since the exchange and
pseudodipolar interactions are related to the overlap of the valence and conduction
band wave functions, a model like Clough and Goldburg's, that assumes a fixed
covalent character to the bond for both the valence and conduction bands,will miss
the consequences-of the wave function shift between the cation and the anion. A
modification of their calculation that accounts for the relativeldisplacements of

valenceAand conduction electron wave functions and the 4 state admixtures should



be more accurate.
b.) Quadrupolar Effects

An independent method of estimating the defect concentration is
desirable, and the experimental data of Potts and Pearson enable cne such
determination. Their minimum quenching temperature was lOOOOC, generating a

defect density of ~ 2 xlO18 cm-3.

Thus we must extrapolate over three orders
of magnitude to compare with the defect density expected following a quench from
a temperature in the EOOOC to TOOOC range. In Fig. 8 the log of the defect
density is plotted against the reciprocal quenching temperature, T;l. The measure-
ments of Potts and Pearson are shown, as well asithe dashed line showing the
extrapclation based on their entropy an& enthalpy values for the formation of
a vacancy.

It is clear that our observed concentrations are greater than those pro-
Jected., However, Potts and Pearson expressed some uncertainty in the proportionality
constant relating the rms deviation in iattice parameter and the concentration of
monovacancies, This puts the accuracy of their measured wvacancy concentrations in
doubt by & multiplicative constant. Further, the reliability of an extrapolation over
three orders of magnitude is questionable. In Fig. 8 it can be seen that a small

g -3

error in the activation energy found at a defect concentration of lOl cm - makes a
substantial difference when extrapolated to lDlscm_B. In addition, there is no
a priori reason to believe that the same physical mechanism is dominant over the
entire temperature range.

We beliewve that the As vacancies are caused by the As atoms lost to
the equilibrium vapor phase during the heating process. The equilibrium ASQ end

Ash Vgpor pressures are knownBl as a function of temperature in the 67500 tao 92500
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range. Thus we can calculate the number of As atoms removed from a sample heated
in an initially evacuated tube of & given size. The ratio of this number to the
sample volume is the concentration of As monovacancies produced by this process.
This calculation is shown in Fig. & as the so0lid line., Using the condition
that each defect of charge e 1s locatéd on the As sublattice, and using the low
frequency dielectric constant for €& , our observed defect concentrations are
smaller than the vapor pressure calculation. This calculation is meant for order
of magnitude comparison, and it assumes that the ratio of tube to sample volumes
was 10 for all samples. Generally, ocur tube volumes were larger, so the solid
line in Fig. B should represent the minimum number of defects produced.32

If the sample behaves as an infinite source of As vapor, supplying
whatever is necessary to reach equilibrium at a given temperature, then the defect
density present following a guench depends additively upon that prior to the
guench. In order to determine the temperature dependence the defect density in
egch sample prior to the guench must be subtracted from the measured density
following the gquench. Our data 'in Fig. 8 have been adjusted to account for
preguench defect densities.

The slope of our lowest temperature data is in agreement, within
experimental error, with the vapor pressure activation energy. Using the two
most reliable temperatures, 500°C and 55000, we measure an activation energy of
1.5 * 0.1eV, The activation energy reported by Potts and Pearson is 2.0 eV, anad
the vapor pressure data yield 1.4 eV.

There are several possible explanations for the fact that our measure-

ments of defeect concentrations are smaller than those calculated from vapor



pressure data. One is the dependence on the experimental value of the product
Rith. A small error in the values of th or @ can make a substantial
error in our analysis of the defect densities. The error bars shown in Fig.
8 do not account for errors in these quantities.

Ancther explanation is that the thermsl damage did not produce as many
vacancies as predicted. This could have occurred in two ways: 1)} the sample
was not in thermal equilibrium with the vapor, so the vapor phase did not consist
of as many As molecules as predicted; or 2} the vapor pressure data are wrong.
Using self diffusion datalg it is estimated that the sample will reasch thermal
equilibrium in approximately 10 hours, and alsec it is unlikely that the As vapor
can re~enter the lattice during the quench. Further, the wvapor pressure data
accuracy is well estsblished by several Workers,31 so we have confidence in the
number of As atoms in the equilibrium vepor phase. It is concluded that
at least as many vacancies Were produced as predicted by the wvapor pressure data.

This experiment measures the charged defect concentration. The effect

of the strain caused by an uncharged impurity is not sufficiently strong to be
noticed when charged defects are also present. Ancther possible
explanation of our apparently low defect concentrations is that not every
As vacancy acguires a charge of magnitude e. This can happen in two
ways. One is that each As vacancy assumes an effective charge e® such that e*( e.
However, we have already shown that the model in which e¥e discussed in Section IV
is reasonsble. The other is that the activetion energy for ionization of the defect
is such that at room temperature not all the impurities are charged. An experiment
investigating the temperature dependence of the NMR second moment is expected

to check this latter possibility.



Our anslysis uses the induced gquadrupolar interaction, and the efg
associated with a charged defect decreases as r_2 becguse we have assumed that
the defect appears as & point charge. However, electronic screening or defect
complexes msy exist, causing the efg to decrease faster than r_g. We have
calculated the Debye-Hiickel screening length for the Monsanto sample and find it
to be negligible, so screening by free electrons is not important. Defect
complexes can, however, make a substantial effect. For example, an As vacancy
mey pair with an acceptor te produce a localized electric dipole moment.

In this case the efg will decrease as r_3, the effective broadening range of the
defect will be feduced, and many more impurities will be necessary to produce a
given quadrupole contribution to the second moment. A double resonance experiment

detecting nearest nuclei of the impurity as the rare spins will address the

question of defect complexes.

c¢) Experimentsl Limitation

It is possible that the low values of defect concentration measured in
samples guenched at 600°C and TOOOC are accurate. This effect could be caused by
vacancy clustering or vacancy-acceptor pairing. However, it is more likely that
that these low values are due to the current Jimitations in our experiment and
analysis. There are several trends in the deta that indicate that the present
measurement of defect density errs if concentrations are larger than rlel5 cm-3.
One trend, discussed.in Section IV, is the observed deviation of the FID functional
fitting parameters in Eq. (19) from physically interpretable quantities. This

TS 69 T1

deviation is always present in the As and Ga data. It appears in the Ga data



for samples quenched from 60000 and higher. We alsc find that the increases
in the second moment caused by thermal damage at 600°C and TOOOC are proportionately

smeller for nuclei with larger gquadrupole moments. That is, the ratios of the

T1 69 75

increase in the Ga second moment to the inecrease in the Ga and As second

moments are greater than expected. These ratios should be fixed by the nuclear
properties., It is clear that the fast component of the FID decays so guickly in
the presence of these large guadrupole interactions that our fitting analysis is
not sensitive enough to it. With our analysis this results in a deviation in the
pseudodipolar coupling constant and a disagreement between the defect densities
a5 measured by Ga and As resonances.

Additional evidence that this experiment cannot measure relatively large

69

defect concentrations is seen in the data for the 81 doped sample. The Ga

second moments are much smaller than one expects from the large second moments of

L 5

Ga To an even greater extent, the same is true of As'~, Assuming that the

pseudodipolar intersction 1s the same in all GaeAs crystals, and assuming that the

TL

ionized S8i donors are located on Ga sites, then the Ga'™ data indicate a charged

defect density of 6. bx10%? cm_3, where we have accounted for the Debye-Hickel
6 -3

screening. Hall effect measurements yield a carrier concentration of hxlol cm T,
so there are at least that many ionized impurities. With our current experimental

limitations, this technigue is too sensitive to accurately measure charged defect

concentrations greater than 101 em™3,

We conclude that our present experiment does not dependably measure

frequency second moments larger than 5 kHzE. This corresponds to a FID half width

T1 69

of approximately 70 psec. 1In the Ga =, Ga 7, and ASTS resonances this corresponds



to charged defect densities of 2.5x1015 cm-3, 9x101h cm-3, and 2xlOlh cm—3,

respectively. In order to make equivalent cw measurements, excellent S/N is
required at least as far as 5 kHz from the center frequency. With improved
demping of the plezoelectric noise and with spin locking techniques we expect
these upper limits to be extended to charged defect densities near lOlT em™3. At
these concentrations we expect that second order quadrupeclar effects will be
important, and that the lineshape will have changed substantially.

The lower limit of measurable charged defect concentration would oceur
where the guadrupole contribution to the As second moment is Just measureable,
say 0.1 gaussg. This corresponds to a defect density of 6x_'LO12 cm-3 on the As

-3

sublattice or 3x1012 cm T on the Ga sublattice, representing a defect to atom

ratio of the order of 10—10. When this method is applicablie, it rivals the
sensitivity of neutron activation measurements, and in addition, the NMR method
cen vbserve vacancies.

In summary, while guestions remain sbout the effective charge and the
volume dependence of thé defect densities, it is clear that the NMR lines in GaAs
are exfremely-sensitive to impurity concentrations. In fact, they are so sensitive
that in samples of c¢arrier concentration of 1016 cm“3 this first order iine shgpe
and second mcment analysis 18 insufficient to treat the problem. Using this
undoped semi-insulating siﬁgle crystal, we have observed a negative coupling
constant for the pseudodipolar interaction and developed a method by which the
pseudodipolar, dipolar, and quadrupolar second moment contributions can be

identified. We have made two estimates of the defect concentrations produced by

thermal quenching, using independent sets of experimental data. Our measurements



lie between these two calculations, above the Potts and Pearson projection and
below the vapor pressure estimate. That our method of analysis is correct is
adequately demonstrated by two facts. One is that the pseudodipolar interaction,
within experimental error, remains independent of the total second moment, i'ef
thermal damage. The second is that the charged defect densities as measured by

Ga and by As resonances agree for samples with small concentrations.
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APPENDTX

The objective of this sppendix is to compute the NMR line shape due to
the gquadrupolar interaction using a continuum crystal model. From Egs. (3g), (12)
and (13} the satellite frequency shift of a spin 3/2 nucleus located a distance 1

from s charged impurity is

— , (A1)

*
vhere ee Q?‘L‘
| (a2)

We calculate the volume ) sbout a single impurity containing nuclei with frequency
ghifts greater than some aAY.
The volume £l is bounded by a revelution about the & direction of a curve

described by

R

r*z —ocosd/av (A3)
where ¢ is the angle between r a.nd& . For¢=0 there is a minimum frequency shift
AV = O(/rf' for the nuclei located on the crystal surface, a distance r_ from

the impurity. The maximum frequency shift is A\),,\: X / af , for the nearest

neighbor nuclei located at a distance g from the impurity. The volume within the



nearest neighbor sites and outside the sample are excluded from {2 . These
exclusions eliminate unphysical infinities. The line shape will be shown to be
independent of rO but not of a. Thus the sample dimension ro has no effect upon

the line shape. Further, the near neighbor distance a may be used to determine the
location of the defect sites. The volume () is found by a simple integraticn,

and the result is

w([-2av/av) - cf(|— %AV/&%)} AV AV,
4 %
Q(Av‘) = —g— %(o(/m)) 2__030_%[&\)/&\)'“)) OV, AV AV, (a1)

0, AV, AV

The number of nuclei NS(A\>) shifted by an amount greater than Av is
(3N/‘h1(‘3)g(ﬁv), vhere N is the number of resonant nuclei in the sample. Then

the distribution g(4¥) of frequency shifts caused by a single impurity is

dNs
dav

3(5\?) = - . (85)

Combining Eqs. (AL) and (A5) the expression for z(AV) becomes

§/
[\ = (4%/avm) ) Av<av,

| ;
qav) = 5? ;‘; (m/m)%—- (A%/Av,.)i A SAVEAY,  (86)

A

k O) Av“‘(A\) )



Next the frequency shift distribution due to a number 1\1I of impurities
randomly distributed throughout the sample must be calculated. ]jue to the long
range nature of the induced efg, the satellite transitions of each nucleus are
significantly affected by many defects, even at very low defect concentrations
( 1012 cm_3). Thus one may use the central limits theorem to calculate the frequency

shift distribution due to a number N_ of randomly distributed defects. According

I

to that theorem, the distributicn will e gaussian with a second moment given by

2y — 2
<Av )Q NI <Avll >Q )
where <A\)la>mis the second moment of g(dv). Using the relation ﬂ\%fﬂ\)mf-ﬁ/r K1,

one finds

PNt
{av*) = aﬂeae,tiQaR\q Pr ﬂQ) (A7)
@ 3a.hee )
where Q is defined in Eg. (7}, and DI is the charged defect density.33
Finally, the relation between the distribution of quadrupole frequency
shifts GQ(a\J) (basically an inhomogeneous broadening), and the NMR line shape
G(V) must be established. The guadrupole frequency shift distribution is a gaussian

function with second moment (A\>2>:

G q;z.v) = (&mn <A\)‘z)*é eX P(*- A"’Va@w‘%) ) (48)

For the spin 3/2 case, the magnetic resonance line shape is found
through the expression

Q(v)= So\(ﬁv) GQCM[&G

oo
vhere Gl/2 3/2(9 —A\),A\)) is the line shape function of the 3/2-1/2 transition caused
>

(v-av, av)+.1 Qé & av) +.3GQ, .(V+av, Av)] (49)
' [San-S )

L2
T,

by other broadening mechanisms (as modified by the quadrupole shifts). The



first argument in the functional dependence of Gl/2,3/2 is the center frequency

for the 1/2-3/2 transition,and the second is intended to represent the effect the
shift may cause on the line shape. The shape due to other interactions can be
modified by the shifts, e.g. terms in the dipolar hamiltenian that are secular in
the sbsence of shifts will become non-secular when the shifts are large enough, thus
are the

modifying the width of the dipolar broadened line. and G

G1/2,1/2 _3/2,-1/2
corresponding shape functions for those transitions. The factors 0.3, 0.4, and 0.3
are weighting factors that arise from the transition matrix elements for the three
transitions.

For the case of low defect concentrations treated here, we ignore the
effect of the frequency shift upon the line shape. Further we assume that
(V,0) =6

(v,0} =¢ (V,0) = GO(\)) where GO(\}) is the

G1/2,3/2 ~3/2,-1/2

lineshape in the absence of the quadrupole interaction. Then Eg. (A9), in view

-1/2,1/2

of these approximaticns, becomes

Q) = 04Q,M + 0.6 Sd{w)@ecww) G vy (410)

-

If GO(\)) is a gaussian with second moment (A\)?">a then

Qo) = 0.6fam{avry+<aviy)] © exp[ V72 (ava, +a v+

+ OMfancav) ] * expl-v¥acavey,] N

where W is centered at the Larmor frequency. Thus the second moment (A»ﬁ) of

the composite line is

(av = {aVR +0.64avD, (m12)



The Fourier transform of G( V) is the FID function. Thus the quadru-

polar broadened FID should have the form of Eq. (19) with 1,/1, = 2/3 and
e 2
b= o +‘1?T‘(A\)‘%.
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The fitting function
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was used to approximate the effect of the like exchange interaction. The
property of this Ffunction is that at small times it locks like Eq. (19),
but at large times it looks exponential. The fourier transform, the cw
sbsorption ¥", has the character that near the center of the resonance it
appears lorentzian and near the edge of the rescnance line it appears
gaussian. The ratio of fourth moment to second moment can be increased with
the parameter p . This spproximates the effect of the like spin exchange
interaction. Unfortunately when this function was used our fitting routine
failed to converge.
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An attempt was made to determine whether the defect density is dependent upon
sample volume. Two samples were gquenched from 600°C in tubes of different
volumes, but no velume dependence was detected. However, subsequent analysis
indicates some inaccuracy in the second moment measurements after a 600°¢C

quench. Thus our observation of no volume dependence is not conclusive.
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For comparison, we can examine Sundfors's theoretical model. He sets
c=1 ,e= e_*) and then computes (m)?frcm Eg. (A3) by setting r equal to
1/3
one~half the average distance between impurities, r=1/2(3/1+1TPI) s

and averaging over t.? . This yields:

4 -
{avey, = (A /s) T QFRU KTy

Using his experimental values of (A\r’zkp he calculated values of R, that
differ from other experimental values obtained by more direct meansll by a
factor of three. While Sundfors's expression for (4v‘a)Q has the correct

angular dependence, it will not preduce the correct numerical results.



